Pd and bimetallic Ni 50 Pd 50 nanoparticles protected by polyvinylpyrrolidone (PVP) have been synthesized by the reduction-by-solvent method and deposited on single wall carbon nanotubes (SWCNTs) to be tested as H 2 sensors. The SWCNTs were deposited by drop casting from different suspensions. The Pd nanoparticles-based sensors show a very reproducible performance with good sensitivity and very low response times (few seconds) for different H 2 concentrations, ranging from 0.2 to 5 % vol. H 2 in air at atmospheric pressure. The influence of the metal nanoparticle composition, the quality of SWCNTs suspension and the metal loading have been studied, observing that all these parameters play an important role in the H 2 sensor performance. Evidence for water formation during the H 2 detection on Pd nanoparticles has been found, and its repercussion on the behaviour of the assembled sensors is discussed.
Pd and bimetallic Ni 50 Pd 50 nanoparticles protected by polyvinylpyrrolidone (PVP) have been synthesized by the reduction-by-solvent method and deposited on single wall carbon nanotubes (SWCNTs) to be tested as H 2 sensors. The SWCNTs were deposited by drop casting from different suspensions. The Pd nanoparticles-based sensors show a very reproducible performance with good sensitivity and very low response times (few seconds) for different H 2 concentrations, ranging from 0.2 to 5 % vol. H 2 in air at atmospheric pressure. The influence of the metal nanoparticle composition, the quality of SWCNTs suspension and the metal loading have been studied, observing that all these parameters play an important role in the H 2 sensor performance. Evidence for water formation during the H 2 detection on Pd nanoparticles has been found, and its repercussion on the behaviour of the assembled sensors is discussed.
The sensor preparation procedure detailed in this work has proven to be simple and reproducible to prepare cost-effective and highly efficient H 2 sensors that perform very well under real application conditions.
Introduction.
Since the discovery of carbon nanotubes (CNTs) in 1991 by Prof. Iijima [1] , a great effort has been made within the scientific community to study their properties and find applications for this allotropic form of carbon. CNTs offer a wide range of interesting properties, such as an unusual electrical conductivity (directly related to their structure), a very high thermal conductivity or exceptional mechanical properties, which make them potential candidates for countless applications like actuators, for gas and energy storage and in field-emitting flat panel displays [2, 3, 4] .
Nowadays the use of H 2 is one of the most promising alternatives to replace fossil fuels in the energy industry. The present energy perspectives focus on the production of H 2 by the electrolysis of water through renewable energy sources and the reforming of hydrocarbons such as ethanol or other organic compounds. However, H 2 is a colourless and odourless gas, with high diffusivity, highly flammable at concentrations above 4% vol., and explosive over a wide range of concentrations (15-59 %) at standard atmospheric pressure.
Therefore, safety issues concerning its generation, transport, storage and use must always be considered. There is a wide variety of H 2 sensors capable of measuring different kinds of signals usually based on materials such as optical fibers or semiconductors. Continuous efforts are being made in order to improve sensitivity, selectivity, response time and reliability, as well as diminishing production costs, size and power consumption of the devices, to meet the demands of a future H 2 economy scenario [5] . In this situation, CNTs can be presented as an alternative towards the development of devices designed for the detection of gases including H 2 . In this sense, the preparation of CNT-based gas sensors has been widely studied and reported in the literature [6, 7] .
For the development of gas sensors, a response of the device is required when in the presence of the analyte gas. Among the requirements that these devices must fulfil in order to find a practical application are delivering a stable signal towards the analyte gas under ambient conditions, showing a reversible behaviour, and performing with high sensitivity, selectivity and low response time for different gas concentrations [8] . CNT-based gas sensors have been developed and proved to perform very well for the detection of several analyte gases, such as NH 3 , CH 4 , H 2 S, O 2 , NO 2 and H 2 [6, 9, 10, 11] .
The main drawback of using CNTs as H 2 sensors is that carbon nanotubes present a weak interaction with the H 2 gas molecules [12, 13] . Therefore, for this application, an enhanced interaction between the carbon material and the gas molecules needs to be obtained. One route to achieve this consists in the incorporation of metal nanoparticles which can easily interact with gaseous H 2 . In this sense, noble metals such as Pd and Pt are known to readily interact with H 2 , chemisorbing the H 2 gas molecules. Among the different metals that can be used for this application, Pd stands as a good option to be included in a H 2 sensor, due to its very good H 2 adsorption and absorption properties and the possibility of forming the metal hydride (PdH x ). The formation of this hydride has been widely reported to be responsible for a very good and reversible performance of the Pd-based H 2 sensors [8, 14, 15, 16] . Pd-based alloys with other metals that present a high affinity for H 2 also appear as a suitable option for these devices, since they would lower the amount of noble metal used and therefore the cost of the device. In this sense, nickel is an interesting metal for this application which has already shown a very good performance in different systems [17, 18] .
Many of the works regarding this subject reported in the literature use in-situ CVD grown CNTs [19, 20] , which is a more expensive and substantially more difficult procedure than the use of commercially available CNTs. Often, these works need a purification step of the CNTs with oxidizing agents, like H 2 SO 4 or HNO 3 , where the CNTs can be degraded and oxidized [17, 21 ] . In addition, most of the reports use very difficult and expensive techniques to deposit the metal, such as sputtering, electron beam evaporation or synthesis using dendrimers to link the metal nanoparticles [14, 21, 22, 23] . CNTs suspensions and sensors derived from them can also be found in the literature [24, 25] . In these cases, the nanoparticles are generated in-situ in the presence of the carbon support, by reducing the metal precursor in the CNTs suspension. The metal loading in these works is found to be around 20% wt. respective to the amount of CNTs used, but the particle size distribution of the metal phase is rather broad, and precise control over the particle size and dispersion of the noble metal phase is not achieved. Furthermore, the influence of the amount and nature of the metal nanoparticles is not analyzed in depth in these works.
In this study we report the preparation of H 2 sensors based on Pd nanoparticle loaded on CNTs by a very simple, low-cost procedure, using commercial Single Wall Carbon Nanotubes (SWCNTs) as support, which are more commonly used for this application rather than Multi Wall Carbon Nanotubes (MWCNTs) due to their relatively better conductive properties. The procedure involves the preparation of the CNTs suspension and the metal nanoparticle suspension separately, and the consecutive deposition of the two suspensions onto a substrate to prepare the sensor. This preparation protocol allows perfect control over the different components in the sensor, including the amount of CNTs and the size, shape and amount of metal deposited on them.
The influence of the amount of metal, the nature of the SWCNTs suspension and the performance of a Ni 50 Pd 50 alloy over the sensor response has also been investigated. In addition, reversibility of the samples upon exposure to different atmospheres has also been analyzed, and a possible mechanism responsible for the H 2 detection has been proposed.
Experimental.

Synthesis and purification of the metal nanoparticles
Pure Pd and Ni 50 Pd 50 bimetallic nanoparticles were synthetized following the reductionby-solvent method [26, 27] . This method consists in the reduction of the metal precursor by the solvent (which is a diol) in basic media in the presence of a polymer that binds to the metal nanoparticle surface and prevents their agglomeration.
For the bimetallic nanoparticle synthesis, the palladium precursor (Pd acetate, 98 %, Sigma Aldrich) is dissolved in 50 ml of 1,4-dioxane, and the Ni precursor (NiSO 4 ·6H 2 O, 99 %, Sigma-Aldrich) is dissolved separately at 80ºC for 2 hours in 120 ml of ethylene glycol, using polyvinylpyrrolidone as the capping agent (PVP-40K, Sigma Aldrich). The use of the polymer in this procedure is mandatory to avoid the sintering of the metal nanoparticles once the colloid is formed due to electrostatic interactions, and thus acts as a protecting or capping agent. In this synthesis 1 mmol of metal was used in total and the PVP/Metal molar ratio was set to 10. After complete dissolution, both solutions are mixed at 0 ºC under vigorous stirring, and 1M NaOH is added to adjust the pH to 9. After this step, simultaneous reduction of both metals is started by heating the mixture at 100ºC. The formation of the bimetallic nanoparticles is detected when the solution changes its colour to dark brown. The suspension is then kept at that temperature for 2 hours to ensure complete reduction of the metal precursors. The entire process is carried out under Argon atmosphere by means of a Schlenk system. When the nanoparticles are synthesized it is necessary to do a purification stage in order to remove the excess of polymer and reactants.
For the purification, a known volume of nanoparticles (in ethylene glycol) is mixed with an excess of acetone and stirred vigorously. After a few hours, the nanoparticles flocculate and can be separated from the organic phase that contains the acetone, ethylene glycol and excess of polymer by decantation. Finally, the metal deposit is redispersed in a known amount of methanol so that the final metallic concentration in this solvent is perfectly known. The nanoparticle suspension obtained by this procedure is stable against agglomeration. The pure Pd nanoparticle suspension was prepared using the same experimental procedure, adjusting the Pd amount to the desired concentration.
Preparation of the SWCNTs suspensions
SWCNTs with an outer diameter of 1-2 nm and a length of 5-30 microns were obtained from Cheap Tubes Inc. (carbon content 97%; purity of the carbon phase: 90 % SWCNT, the other 10 % corresponds to amorphous carbon and MWCNT) and used without further treatment.
Two different SWCNT suspensions were prepared. Suspension 1 (SWCNT-DMF) was prepared using DMF (N, N-dimethylformamide, 99.9 %, Sigma-Aldrich) as solvent. A 30 minutes ultrasonic treatment (SELECTA 3000683) was applied to obtain a homogeneous SWCNT suspension. Suspension 2 (SWCNT-H 2 O) was prepared using H 2 O as solvent, a surfactant (sodium dodecylbenzenesulfonate (SDBS)), and a polymer (PVP (40K, Sigma Aldrich)), in order to obtain a highly stable suspension, as previously reported by other authors [28] . In both cases, the SWCNT concentration was 0.25 mg/ml.
Sensors preparation
Sensors were prepared on glass slides (24 x 24 mm, Menzel-Gläser) previously washed with ethanol. Two adhesive copper strips (Copper Conductive Tape, EMS) separated by 2-3 mm were set to serve as connections for the multimeter (6 ½ Digit Multimeter, Agilent).
To improve the electrical contact between the CNTs deposit and the copper strips, a layer of silver-epoxy paint (Two-Part Epoxy Adhesive Conductive Silver, EMS) was also applied. 160 μl of the SWCNT suspension were then added between the two copper connections by means of a micropipette to close the electrical circuit. The samples were dried horizontally at 60 ºC for 24 h in an oven. Finally, a known volume of the metal nanoparticle suspension was deposited on the SWCNTs and left to dry at room temperature. Fig. 1 shows a schematic view of the device. The preparation method of the sensors has been found to be reproducible in terms of SWCNT film thickness, glass area covered and also response of the sensors upon H 2 exposure.
Samples characterization
The commercial SWCNTs were analyzed by Raman spectroscopy using a LabRam (Jobin- The metal nanoparticle composition in the samples was characterized by X-ray Photoelectron Spectroscopy (XPS) using a VG-Microtech Multilab 3000 spectrometer, equipped with an Al anode. For the analysis, the SWCNTs were first deposited and then the metal nanoparticles were loaded on them. XPS analyses were performed on the different as-prepared samples and after a treatment in hydrogen simulating a H 2 pulse at room temperature for 4 min as performed in the sensor performance tests (see below).
Characterization of the electronic states of each element was made from the relative area of the peak corresponding to each electronic state [29] .
The metal composition of the NiPd nanoparticles was analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES), in a Perkin-Elmer Optima 4300 system.
The extraction of the metal was made by treating the samples with aqua regia at room temperature. The morphology of the sensors was studied by Scanning Electron Microscopy (SEM) using a JEOL JSM-840 equipment. The samples were also characterized by Transmission Electron Microscopy (TEM) coupled to EDX with a JEOL JEM-2010 microscope operating at 200 kV with a space resolution of 0.24 nm. For the analysis, a small amount of the sample was suspended in a few drops of hexane, and sonicated for a few minutes. A drop of this suspension was then deposited onto a 300 mesh Lacey copper grid and left to dry at room temperature. TEM analyses allowed the determination of the metal particle size.
H 2 Detection tests
The H 2 sensing experiments were performed in a custom-built gas cell connected with stainless steel tubing (1/8" o.d.). For the measurements, the sensors were placed inside a Teflon cell, which was then sealed with a polycarbonate lid and fitted with a Viton O-ring to prevent leaks. A constant gas flow was passed through the cell by means of mass flow controllers (Bronkhorst), while the resistance of the samples was monitored simultaneously with a multimeter (6 ½ Digit Multimeter, Agilent). For all the samples tested, a decrease in the resistance of the sensors has been detected when H 2 is dosed. The outlet of the cell was coupled to a mass spectrometer (Pfeiffer Vacuum, Thermostar) so that the gases coming out of the cell could be analyzed in order to determine the composition of the effluents.
The experiments were performed at room temperature and the gas flow rate was kept constant at 90 ml/min. For a standard H 2 sensing test, a constant flow of synthetic air was flown through the cell until a stable resistance signal was reached. When the signal remained constant, the gas flow was switched to H 2 with a concentration of 3.3 % vol. in air for 4 minutes. After each gas switch, the stream was switched back to synthetic air for 25 minutes in order to completely purge the cell. Additional experiments were also performed at different H 2 concentrations (using synthetic air as carrier gas) in order to evaluate the sensitivity of the sensor. In order to obtain reproducible resistance measurements, a conditioning step of the sensors consisting of three consecutive H 2 switches was carried out. All the results correspond to samples that were submitted to this preliminary conditioning step unless stated otherwise.
Different tests were carried out using N 2 as carrier gas in order to determine the role of oxygen on the sensor performance. In this case, both the stabilization stage and the experiments under H 2 (3.3 % vol.) occur in a N 2 stream.
The sensitivity of the sensor (ΔR) was calculated according to the following equation:
where H R is the resistance of the sample at a given time and O R is the initial resistance before each H 2 switch.
The performance as sensors of the prepared materials has also been evaluated by the analysis of two crucial parameters, such as the response time and recovery time [5] . The response time as presented in this study has been defined by previous authors as the time needed by the sensor to reach a resistance value of e -1 (36.8 % of the maximum signal measured under the described experimental conditions) [21] . Likewise, the recovery time analyzed in our work has been defined as the time that the sensor needs for the measured signal to reach the Ro value after the H 2 switch [24] . It should be mentioned, for the sake of clarity towards critical comparison of the results, that other authors [25] define the response time of the sensor as the time taken for the resistance to change from its initial value to 90% of the highest measured value, while the recovery time is defined as the time taken for the resistance to decrease to 10% of the highest measured value.
Results and discussion.
The pristine SWCNTs were analyzed by Raman Spectroscopy, obtaining that the sample was composed primarily by semiconducting SWCNTs [30] . The results show that there is a very intense band at ~1570 cm -1 corresponding to the G-band typical of semiconducting SWCNTs. Furthermore, the appearance of a band at 2600 cm -1 corresponding to the G'-band, the D-band associated to structural defects at 1300 cm -1 (with low intensity) and the Radial Breathing Modes (RBM) between 150-300 cm -1 can be observed (results not shown).
SWCNT suspensions characterization
Identical suspensions of SWCNTs were prepared using two different solvents (SWCNT-DMF and SWCNT-H 2 O) after undergoing the same aforementioned preparation conditions, i.e. drying temperature, SWCNT concentration, time and volume of SWCNT suspension. Fig. 2 shows the SEM images obtained for each suspension after drop-casting them on a glass slide and recovering the sample for analysis. CNTs and these two chemicals is ~1/45. As a result of the large amount of polymer present in the suspension, only a polymer matrix can be seen in the micrograph. This sample was submitted to a thermal treatment in air at 350ºC, and the inset in Fig. 2b shows that, although the heat treatment does not successfully remove the polymer or the surfactant from the sample, the SWCNTs can be identified as thin filaments embedded in the polymer matrix. Although these images correspond to the suspensions drop cast on the glass supports, the same SEM results would be expected for the metal loaded gas sensors.
UV-VIS analyses of these samples indicated that the SWCNT-H 2 O suspension shows a much higher UV absorption than the SWCNT-DMF suspension at 350 nm (results not shown). Considering that both DMF and H 2 O suspensions were prepared with the same initial concentration (0.25 mg/ml) and that they were analyzed immediately after sonication, the higher absorption band observed for the H 2 O sample indicates that in this case, a higher degree of dispersion of the SWCNT is obtained due to the presence of SDBS and PVP [31] . followed by the corresponding nanoparticle dispersion on a glass slide, followed by recovery of the sample in order to deposit it on a copper TEM grid. The other metal containing materials have similar TEM images. In both samples, the metallic nanoparticles can be seen over the SWCNT deposit and, for that prepared from the H 2 O suspension, also inside the polymer matrix (Fig. 4a) . The nanoparticles display an average particle size of 2-3 nm, independently of their composition, with a very narrow particle size distribution (results not shown). In addition, a very good dispersion of the particles on the supports with no observable sintering was detected. Therefore, according to our results, the metal dispersion is similar in both samples, and is not affected by the composition of the The XPS analyses of the SWCNTs and the different Pd and Ni 50 Pd 50 sensors are shown in Table 2 . For the pure Pd nanoparticles based sensor (fresh sample), some oxidation of the nanoparticles has been detected. This is mainly due to two reasons. On the one hand, it is due to the presence of PVP which, as it has been previously described [33] interacts with the metal nanoparticles withdrawing electron density from their surface and thus generating an electron deficient Pd surface. On the other hand, some surface oxidation due to atmospheric contact of the samples cannot be ruled out. Incomplete reduction of the metal precursor during the nanoparticle synthesis is not responsible for this partial metal oxidation, since H 2 treatment at 200ºC for these nanoparticles does not yield pure Pd (0) nanoparticles, as we have previously reported [27] . When this sample is submitted to a treatment in hydrogen, a slight increase of the amount of metallic Pd is observed ( Table 2 ).
Nanoparticles characterization
As we have previously reported, due to the presence of PVP, complete reduction of the metal of the sample cannot be achieved [27] .
For the Ni 50 Pd 50 based sensors, important conclusions can be obtained from the XPS data.
On the one hand, a significant amount of Ni was detected on the bimetallic nanoparticles.
From these results, a Ni:Pd molar ratio of 3:1 is obtained. However, our ICP-OES and EDX results indicated that under the synthesis conditions, nanoparticles with the desired metal composition can be obtained (1:1 metal ratio), in good agreement with what was previously reported by other authors [26, 34] . Since XPS is a surface characterization technique that provides information from the surface of the materials, and taking into account that the average particle size of the nanoparticles in the sample is in the order of a few nanometers, only surface characterization of the nanoparticles is possible by this technique. We should recall at this point that the metal nanoparticles contain a PVP layer on their surface (whose thickness is not possible to estimate) that the electrons in the XPS chamber must also penetrate in order to reach the nanoparticle surface. Thus, considering the penetration depth of our experimental set-up (around 1 nm) and the size of our polymer-protected nanoparticles, we do not obtain information of the bulk of the particles but mainly of the most external atomic layers of the nanoparticles. Therefore, from our results it can be extracted that, although the bimetallic nanoparticles were synthesized to prepare a homogeneous alloy of the two metals (Ni 50 Pd 50 ), the Ni lies preferentially on the surface of the nanoparticles, whereas the Pd is located in the core of the structure.
Therefore, some phase segregation in the nanoparticles (with Ni moving towards the surface of the nanoparticles) might be inferred.
On the other hand, the Ni present in these samples shows a relatively high degree of oxidation, as it can be seen from the binding energies obtained in the spectrum (Fig. 4) , where the peaks corresponding to the different Ni species appear at binding energy values significantly higher than those found in the literature [32, 35] . This increase of the binding energy suggests that the Ni in these nanoparticles shows some electronic deficient character. The reasons for this could be attributed to the formation of the NiPd alloy since, as it can be observed in Table 2 , when the alloy is formed the amount of Pd(0) detected in the fresh sample is higher (81.4 %) than that obtained for the pure Pd sample (79.9 %). This is because when the alloy is generated, Pd interacts with the Ni atoms withdrawing some electronic density from them (due to its higher electronegativity) thus generating electron deficient Ni species. In addition, there is some degree of interaction between the Ni nanoparticles and the PVP polymer, that would have the same effect on the metal surface as the Pd-PVP interaction [33, 36] . Some metal oxidation due to air contact must be also taken into account. After the reduction treatment of sample Ni 50 Pd 50 -DMF, a significant increase (8 %) of Pd (0) is observed compared with the sample Pd-DMF. This higher degree of Pd reduction in this case is due to higher amount of alloyed Ni (~50 %) and the electronic interaction between the two metals in the bimetallic alloy.
The samples prepared from the SWCNT-H 2 O suspension were also characterized by XPS.
However, the results are not shown in Table 2 because it was not possible to identify the presence of metal in these samples by this technique. The reason for this might be that the nanoparticles are embedded in the polymer matrix. This could be due to a possible swelling process of the polymer due to interaction or partial dissolution in the methanol used as solvent in the nanoparticle suspensions, which could favour the migration of the nanoparticles into the polymer matrix. Therefore, due to the high amount of polymer contained in the samples, the nanoparticles would not be detected by XPS. However, the presence of the metal nanoparticles is confirmed from the ICP-OES analysis and the TEM observations (see Figure 4a as an example).
Results of the H 2 detection tests
Tests in synthetic air
The different aforementioned samples were tested as H 2 sensors. It should be mentioned that SWCNT tested as sensors from the H 2 O and DMF suspensions (SWCNT-H 2 O and SWCNT-DMF) without the loading of metal nanoparticles did not show any response in the H 2 detection tests, indicating that Co impurities in the SWCNT are not responsible for the sensor response in any case (results not shown). Fig. 6 shows the results of samples tested as H 2 sensors under an air stream. A similar behaviour for all the samples (containing metal nanoparticles) can be observed.
When H 2 is included in the gas stream, a fast change in the resistance of the sample occurs.
When H 2 is removed from the gas stream and synthetic air is flown through the cell, the resistance of the sample recovers its initial value. For all the samples analyzed, the response time has been found to be less than 3 minutes, with the best sample ( Whereas the SWCNTs in DMF give rise to disordered structures with entangled SWCNTs, when H 2 O is used as solvent, the CNTs may distribute in more dispersed bundles. In the latter case, the more organized structure of the SWCNTs and the better contact between the different parts of the device (especially between the SWCNTs and the Pd nanoparticles) might be responsible for an enhanced electrical conductivity of the system, thus improving the sensor response.
Another feature of these samples that may also be highlighted is that using the Ni 50 Pd 50 alloy as the active phase does not improve the sensor response. In fact, when Ni is included in the nanoparticle structure, lower resistance increments are obtained for the two prepared suspensions. The reason for this might be because, according to the XPS results, Ni lies preferentially on the surface of the nanoparticles, and since the ability of Pd to adsorb and dissociate the H 2 molecule is larger than that of Ni, when the amount of superficial Pd is diminished in the sample, the sensitivity of the sensor also diminishes.
Other works related to H 2 sensing have also evidenced the improved performance of Pd with respect to Ni for this application [17] , once again remarking that using Ni for this application does not report a substantial benefit to the behaviour of the system.
Finally, the effect of the metal loading on the sensor behaviour was analyzed, using the sample that showed the best performance (20-Pd-H 2 O) and reducing the metallic load (11-Pd-H 2 O). As it can be observed from As it can be observed, the sample performs with good sensitivity to the different H 2 concentrations in the studied range. The measured resistance increment (|∆R|) increases with increasing H 2 concentration, which is consistent with general reports. The inset in Fig.   7 shows the response of the sample as a function of the square root of the H 2 concentration.
For the lowest gas concentrations (up to 1 % vol. H 2 ) a linear correlation can be found between these two parameters. This is in good agreement with Sievert's law [37] , which describes the equilibrium constant for H 2 dissociative adsorption (at relatively low gas concentrations) [38] on Pd surfaces as a function of the H 2 partial pressure, and explains gas adsorption on the metal surface as a Langmuir type of behaviour. It is widely accepted that this law is only applicable at H 2 concentrations up to 1 % vol. [37] and experimental data usually deviate from predicted values above that concentration, as is the case of this report.
As explained in the Experimental section, two key parameters which define the performance of a sensor are the response time and recovery time. Comparing the results with other Pd based sensors found in the literature, sample 20-Pd-H 2 O in this study performs with a higher sensitivity than other systems containing a much higher amount of metal, or prepared by significantly more complex methodologies [14,17 23,24,39] . In addition, the systems presented here also show an enhanced behaviour with respect to similar systems based on multi-wall carbon nanotubes [13, 18] .
Response times and recovery times obtained for the samples are in good agreement [17, 19, 20, 21, 23] or lower [40] than those found for similar devices in other works.
Role of O 2 in the sensor performance and recovery process.
It is widely accepted that O 2 plays an important role on the system, chiefly in the recovery step of the device [8, 17] . In order to understand the detection mechanism in Pd-SWCNT based sensors and to deepen into the influence of molecular O 2 in the sensor behaviour, experiments were performed using N 2 as carrier gas. Fig. 9 shows, as an example, the results of sample 11-Pd-H 2 O tested under consecutive switches of 3.3 % vol. H 2 /N 2 . The same behaviour described here was observed for all the H 2 sensors. When the sample is submitted to the first H 2 switch in N 2 , the sensitivity of the sample is very good and a fast response of the sensor is obtained. However, the response of the sensor diminishes progressively for the next switches, until no resistance change of the sample is obtained upon exposure to H 2 . In all the switches, a decrease in resistance is observed (see inset in Figure 9 ). The decrease in the resistance of the sample in the presence of H 2 has been observed in all the samples prepared for this work both in presence and absence of oxygen in the gas stream and this response has been widely described in the literature for different kind of systems [16, 41, 42] .
From these experiments carried out in N 2 , it can be deduced that the mechanism governing the changes in resistance is one that results in an increase in conductivity. One possibility is that upon adsorption/absorption of H 2 and formation of palladium hydride, the nanoparticle size increases, closing the nanoscopic gaps between the nanoparticles in the sample and therefore diminishing the resistance of the system. On the other hand, when the Pd nanoparticles absorb H 2 , the Pd hydride is formed, which is known to have a lower work function than pure Pd, so transfer of electrons to the nanotubes may occur. This, in turn, would reflect as an increase in the resistance of the system considering that the SWCNTs used are mostly p-type semiconductor. Consequently, the observed behaviour of the sensors is the result of the two competitive mechanisms taking place at the same time on the sample. For the sensors prepared in this work, Pd particle size increase upon H 2 exposure enhancing the electrical conductivity of the system, seems to be the main mechanism responsible for the behaviour of the samples (Fig. 10) . It must be noted that our proposed mechanism results in a marked decrease in the resistance of the sensing material when it is exposed to a H 2 atmosphere, as evidenced by the different experiments presented in this manuscript. Other authors [ 43 ] have recently observed that for a palladium layer deposited by magnetron sputtering on a semiconductor p-type graphene sample the behaviour is the opposite, with the resistance of the system markedly increasing upon exposure to H 2 . The authors conclude that the formation of palladium hydride results in an excess electron which is transferred to the graphene support, neutralizing holes in graphene and reducing effective hole concentration in the sample, which causes the electrical conductivity to drop. Analysis of the gas composition of the stream coming out of the sensing cell by mass spectrometry and when using air as H 2 carrier gas indicated that water is formed on the sensor when H 2 is flown through the cell. Fig. 11 shows the response of the sensor, together with the signals registered by MS spectrometry. As it can be observed, an increase in the H 2 O signal (m/z=18) is observed that corresponds perfectly with the H 2 switch (m/z=2) and the decrease of the resistance at the same time. This experimental result evidences the formation of water as a result of the hydrogen oxidation reaction during the H 2 gas switch. Interestingly, the recovery of the resistance after removal of the H 2 gas, follows the same trend as the H 2 O, thus demonstrating that the recovery of the signal is related to hydrogen oxidation and water evolution. The relevance of the water formation reaction on the recuperation stage of the device has been reported in the literature [19] . . 6b ). Fig. 12 shows a scheme of the two possible processes taking place on the Pd nanoparticle surface during the H 2 sensing process in the presence of O 2 . When the sample is exposed to H 2 (Fig 12a) two competing processes can occur. On the one hand, formation of the PdH x (Fig 12b) and nanogaps closing take place on the nanoparticle surface. On the other hand, O 2 adsorption on the Pd surface (Fig 12c) and subsequent reaction with atomic hydrogen to form water (Fig 12d) . Therefore, according to these results, the process of hydride formation and nanogap closing occurs simultaneously with the water reaction formation on the metal surface.
These two mechanisms compete to give rise to the final performance of the sensor which is dominated by the hydride formation according to the observed changes in resistance.
Conclusions.
In this work we have prepared 
